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Abstract 
Although, additive Manufacturing (AM) has been hailed as the “third industrial revolution” by The Economist magazine [April-2012], the first 
patent on Stereo-lithography was awarded in 1986. An enabling technology which can build, repair or reconfigure components layer by layer or 
even pixel by pixel with appropriate materials to match the performance will enhance the productivity thus reduce energy consumption. 
Innovative product such a metallic composites with negative co-efficient of thermal expansion has already been demonstrated. The capability to 
form a three-dimensional object directly form digital data reduces many intermediate steps in manufacturing and, therefore, potentially an 
attractive and economic fabrication method. This is very suitable for low volume manufacturing. 
The major challenge for design of additive manufacturing machine is on line “Quality assurance” due to its application in low volume 
manufacturing. Statistical quality control is not applicable due to low volume. Moreover, any new innovative product has to go thorough a long 
process of certification before adaptation, especially for Aerospace and medical device industry.  
This paper presents the design methodology for Smart Metallic Additive Manufacturing System (s-AMS). In-situ optical diagnostics and its 
capability to integrate with the process control is a prudent alternative. The two main groups of AM are powder bed (e.g. Laser Sintering) and 
pneumatically delivered powder (e.g. Direct Metal Deposition [DMD]) to fabricate components. DMD enables one to deposit different material 
at different pixels with a given height directly from a CAD drawing. The feed back loop also controls the thermal cycle. New optical Sensors 
are being developed to control product health and geometry using imaging, cooling rate by monitoring temperature, microstructure and 
composition using optical spectra. Ultimately these sensors will enable one to “Certify as you Build”. Recently the author and his group have 
developed a technique to analyze the plasma spectra to predict the solid-state phase transformation, which opens up the new horizon for the 
materials processing and manufacturing. Flexibility of the process is enormous and essentially it is an enabling technology to materialize many 
a design. Conceptually one can seat in Houston and fabricate in Haifa. This paper discusses the in-situ diagnostic methods and its integration in 
the design of the machine. 
 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Additive Manufacturing (AM) has been hailed as the “third 
industrial revolution” by Economist magazine [April-2012]. 
Additive Manufacturing (AM) builds up a material to suit the 
service performance in a layer by layer or even pixel by pixel 
with appropriate materials to match the performance, which 
will enhance the productivity and thus reduce energy 
consumption. Flexibility and capability of producing near net 
shape critical components directly from Computer Aided 
Design (CAD) is partly responsible for its attraction. 
There is wide spectrum of processes under the umbrella of 
Additive manufacturing. For metallic components two main 
types are: Powder bed based processes such as Selective Laser 
Sintering (SLS) and pneumatically delivered powder based 
processes such as Direct Metal Deposition (DMD). Both 
processes have their relative strength and weaknesses. 
However, one common problem is postmortem quality 
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assurance is not adequate for the AM since it also offer an 
unique opportunity to take corrective action layer by layer and 
pixel by pixel. On line diagnostics and process control has the 
tremendous potential to reduce waste, cost and conserve 
energy. In this paper, we will focus on the metallic 3-D 
printing such as DMD process, which already incorporated 
closed loop control [2-3] for deposition height. It can control 
process in case of overbuilt but not under built. Present 
technique also does not monitor any defect formation such as 
porosity, micro-cracks, composition or phase transformation. 
On the other hand parts built with correct dimension but with 
above-mentioned defects will not be acceptable either.  
Therefore, in this paper we describe how we monitor defects 
such as micro-voids, cracks, composition and phase 
transformation and use those as an input to control the DMD 
and 3-D printing process. Result will be a comprehensive 
closed loop control system producing parts with proper quality 
assurance. 
In addition to quality assurance, the cycle of consumer taste 
for a product is shortening, and therefore, the need for the 
industry to go to the market with shorter lead-time is 
becoming more of a necessity than a desire. Concurrently 
desire for improved performance at cheaper cost puts 
conflicting demands on design engineers. For example, more 
people want cheaper and safer air travel that requires lighter 
planes with lower fuel consumption plus higher load-carrying 
capacity. It is not smart to just scale up a present design to 
increase capacities. Thinking out of the box is a must to 
engineer materials with properties to match the performance 
desired by modern consumers. Synthesis of Topological 
design, Heterogeneous CAD and Direct Metal Deposition 
(DMD) offer opportunities to engineer material properties to 
match desired performance [4]. 
 
2. Design Drivers and Present state of Art  
The main design driver for the 3-D printing and additive 
manufacturing has been creation of 3-D component with 
accuracy, speed and economics of production.  
DMD offers simultaneous deposition of multiple materials 
as well as repair and reconfiguration. Closed loop control was 
first introduced in DMD and it has relatively higher deposition 
rate than SLS. In this paper we will mainly focus on DMD 
type process. With maturity of additive manufacturing and 
recent intense attention devoted to the field, another design 
driver beginning to catch imagination is in-situ diagnostics to 
create a new paradigm of “Certify as you Build”.  It is 
extremely important for low volume production for critical 
and costly components.   
2.1. What is Direct Metal Deposition (DMD)? 
It is a Solid Freeform Fabrication (SFF) technique that 
enables production of realistic components with 0.01-inch 
accuracy, and properties similar to wrought materials with 
close to 100% density. Direct Metal Deposition, or DMD, is a 
layer based additive manufacturing process that uses a high 
powered laser to melt powdered metals and make deposits, 
with the objective of making fully dense three dimensional 
objects. The laser beam is focused just above a metal substrate 
surface, where the deposition is to occur. A coaxial powder 
stream is focused into the melt pool formed at the substrate 
surface. This powder is melted upon entry into the melt pool. 
The substrate is attached to a CNC multi-axis system, and by 
moving it around, a two dimensional layer can be deposited. 
By building successive layers on top of one another, a three-
dimensional object is formed. Any designed structure can be 
fabricated layer by layer from a digital database. 
 
Closed Loop DMD is a synthesis of multiple technologies 
including lasers, sensors, a Computer Numerical Controlled 
(CNC) work handling stage, and CAD/CAM software and 
cladding metallurgy. Direct Metal Deposition, developed in 
the Center for Laser Aided Intelligent Manufacturing 
(CLAIM) at the University of Michigan [4, 5], is a laser-
cladding-based process that makes fully dense freeform 
metallic parts layer by layer (Fig.1). The key characteristic of 
the DMD process, which distinguishes it from other similar 
laser-cladding-based SFF processes, is the integrated feedback 
system. Closed loop control of the DMD process is useful not 
only to achieve near net shape but it also provided additional 
control over temperature history and thus microstructure.  
Fig. (1a): DMD machine protype;  
Fig.(1b): DMD process with active height controller 
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2.2. Progress in Process simulation and Validation: 
In recent years, various process simulations, process 
sensing and closed loop control systems are reported. After the 
successfully simulating the temperature field [6], thermal 
history   and composition distribution [7], the thermal history 
on the formation of microstructure of titanium alloys was 
numerically and experimentally studied [8, 9]. A review of 
finite element analysis in laser welding was reviewed in [10]. 
In the area of process monitoring and control, several new 
controllers have been reported. Infrared camera [11] and dual 
color pyrometer [12] were both used to monitor the melt pool 
temperature during additive manufacturing process. A CMOS 
camera that measures the melt pool width, thus predicts the 
dilution, was used to design a closed loop controller to control 
the laser power for desired dilution [13]. An FPGA based 
controller was also developed to control the industrial laser 
cladding processes [14]. All these advances in laser additive 
manufacturing make the processing itself smarter, more robust 
and more suitable for industrial applications.  
  
Direct metal deposition involves complex physical 
phenomena, including laser-powder interactions, heat transfer, 
melting, fluid flow and solidification. Recent advances of 
DMD process simulation were found in the area of the 
evolution of melt pool geometry, fluid velocity and solute re-
distribution by solving the coupled momentum, energy and 
species conservation equations along with the mass, 
momentum and energy transfer models. The model is able to 
predict the melt pool temperature, the geometry of the 
cladding (Figure 2) [6], and the composition distribution of a 
DMD process (Figure 3) [7]. 
 Since the temperature history and the composition of 
the alloying elements are important on the microstructure and 
mechanical performance of the deposited clad material, the 
numerical model is helpful in the understanding the 
mechanism of the prediction of the cladding shapes and how 
the mechanical properties are affected by the DMD process. 
Fig. 2 Comparison between the experimental and calculated cross sections: 
comparison between experimental liquid- gas interface with calculated zero 
level-set function Laser power: 1900 W, beam diameter: 1.8 mm, scanning 
speed: 200 mm/min, and powder flow rate: 8 g/min. 
However, present diagnostics, simulation and closed loop 
control does not provide any on-Fig 4line quality information.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 The computed concentration profile of chromium at top surface and 
symmetric plane of DMD process of H13 tool steel. 
 
 
 Fig 4: (Ref: 
http://answers.mheducation.com/business/management/supervision/quality-
and-productivity   
Annual Waste of $57 billion in U.S. industry (Ref: 
Robert Malone, Forbes, 5/24/06) Federal Reserve Chairman 
Ben Bernanke has said that productivity growth is “perhaps 
the single most important determinant of living standards  
 
In order to build a build a machine for paradigm for 
“Certify as you build”, one needs to monitor, defects, 
composition and phase transformation on line to ensure 
quality for each part. The following section reports the 
progress made so far. 
3.  Smart Optical-monitoring system 
Analysis of composition, microstructure and defects 
including pinhole, porosity, and micro-cracks during 
manufacturing process is of the utmost importance in 
manufacturing engineering due to the fact that the component 
performance is closely related to composition, microstructure 
and defects. However, current technologies such as EDS and 
XRF for composition analysis, optical microscopy, and SEM 
and TEM for microstructure analysis are all postmortem 
analysis that requires time and labor intensive preparation. X-
ray or ultrasonic test of the defects is either complex, 
expensive or lack of accuracy. In situ Sensors for many of the 
defects and diagnostics of composition and phase 
transformation are either already developed or patented or 
pending stage [15-19]. A short description of the capabilities 
of the sensors is given below. Sensing component of the in 
situ phase transformation is already described in the patent 
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application ((USPTO-61/354286) [19]. This application 
describes a system, which takes output from the sensors and 
deploys them to control 3-D printing or DMD process to get 
defect free parts.  
4. Capability 1. Fast response optical sensor  
A capability of determining the composition, the possible 
phase and manufacturing defects in real-time during multi-
material component manufacturing may change the present 
practice of materials synthesis and provide future capability 
for composition and phase control in addition to product 
quality improvement. The capability of this sensor is in-situ 
monitoring the composition, phase transformation and 
manufacturing defects. The fast response sensor is based on 
optical emission spectroscopy.  
4.1. Capability 1.1: Defect detection 
In AM, one of the barriers is a defect formed in the layer: 
pinholes, porosity and micro crack. The defects results in 
different surface finish and changes melt pool dynamics. In 
order to measure these defects, we initiated optical 
spectroscopy sensors with a response time between 2 to 10 ms 
to monitor the process. Fundamentally, the laser-induced 
plasma is inevitable phenomenon in laser-aided additive 
manufacturing. This plasma reflects the behavior of the laser-
material interaction-zone.  Features extracted from plasma 
signals based on optical emission spectroscopy can be used for 
defect detection. Our preliminary results showed that pinholes 
generated during laser welding process can be successfully 
detected through the contours of the plasma line intensity 
(Figure 5). Fundamentally these pinhole defects are small 
holes or grooves, located in the surface of the solidification 
area. The pinhole defect can be base layers of the next 
depositions, leading to micro-crack. Therefore, successfully 
detecting the defects such as pinhole in process is critical to 
the additive manufacturing process so that measures can be 
taken to correct or even stop the process to stop the 
propagation of the defects.  
  
Figure 5. shows a spectral correlation between the pinhole defects and the 
contour for the plasma line intensity for Galvanized steel Welding 
In this system, supervised machine learning algorithms 
such as support vector machine (SVM) can be applied with 
unsupervised machine learning algorithms including principle 
component analysis (PCA); unless the empirical data have 
clear features, the unsupervised algorithm can compensate it.  
Even though the micro crack can be detected using various 
methods, including optical and electron microscopy, X-ray 
topographic imaging, and resonance ultrasonic vibration in 
other field, the adoption of these methods to AM is impossible 
[4] because of rough surface of each layer and the layer is 
blocked by the substrate or previous deposition that prevent 
optical signal from getting through. Therefore, we suggest a 
calibration process for correlating the spectral data with X-ray 
images of postmortem samples. On the basis of the 
calibration, the features will be transformed to mathematical 
conditions for in situ measurement of the defects.  
4.2. Capability 1.2 Composition sensor  
Laser induced breakdown spectroscopy (LIBS) has been 
reported as a tool for element analysis of solid, liquid and gas 
samples. Our preliminary results showed that optical emission 
spectroscopy of laser-induced plasma can be used to predict 
the chromium composition in a CO2 laser aided additive 
manufacturing process.  However due to the fluctuation of the 
plasma signal generated in the process, the accuracy and the 
resolution of the measurement are not high enough for 
industrial applications. Therefore we pre-process the plasma 
signal and use refined multiple-parameter algorithm to process 
the plasma emission to improve the in-situ composition 
analysis.  
Pre-processing of the plasma spectral line includes signal to 
noise ratio analysis, baseline removal, line identification, line 
de-convolution and fitting. Plasma parameters such as plasma 
spectral line intensity, line ratio, plasma temperature and 
electron density using high-resolution optical emission 
spectroscopy in both visible and ultra violate regions will be 
performed (Figure 6). The parameters of plasma will be 
determined in several ways:  using an intensity ratio of the 
ions or atoms emission lines, using a FWHM of the line 
profile for electron density estimation, or from a Boltzmann 
plot for plasma temperature estimation as shown in Figure 7.  
 
 
 Figure 6. Pre-processing and multi-parameter analysis for composition and 
phase transformation monitoring 
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Multi-parameter analysis considering line intensity, line 
intensity ratio from different elements, plasma temperature 
and electron density will be used as a calibration standard to 
predict the composition of each elements during 
manufacturing process. This calibration standard will then be 
utilized in real time to predict the composition of 
manufactured part with a resolution as high as the diameter as 
the last beam and as fast as 2 to 10 milliseconds. The 
prediction results will be validated from EDAX analysis to 
verify the accuracy and the resolution of the optical sensor. 
 
 
Fig.7: Boltzmann plots of neutral iron lines during DMD of Ni-Fe binary 
alloys. From Boltzmann plot, the plasma temperature can be 
4.3. Capability1.3 Phase transformation sensor  
Our preliminary results show that the line intensity ratio 
between the spectral lines from two different elements is 
proportional to the composition of materials within the same 
phase in additive manufacturing process; where there is a 
phase change, this linear relationship is broken and a new 
linear relationship is formed within the new phase. This 
phenomenon provides us an opportunity to spy the possible 
phase change during manufacturing process. However, this 
abnormal change of the calibration curve due to phase change 
will make both composition prediction and phase 
transformation prediction difficult. Therefore, a basic 
understanding of how phase transformation affects the laser-
induced plasma should be performed and an algorithm to de-
convolve the composition and phase transformation should be 
developed.  
 
Fig. 8: Composition can be obtained from calibration curve within same 
phase as in each circle; microstructure can be obtained from the abruptly 
slope change of the line intensity ratio, as in different circles. 
Based on the understanding on the mechanism how 
different composition and phase transformation affect the 
characterization of the plasma, a correlation between the 
spectroscopic signal to the composition and microstructure 
can be constructed systematically. Our preliminary algorithm 
uses simple line intensity ratio as the input to predict both 
composition and phase transformation for Ni-Al system is 
shown in Figure 8. Since composition is a quantized value and 
microstructure is a categorized value, two kinds of 
information can be de-convolved from the plasma signal. 
Composition prediction took advantage of calibration curve 
method, while microstructure was characterized by pattern 
recognition method or vector classification method. Within the 
same microstructure, the grain size can be further calibrated 
by characterizing the plasma signal. The composition and 
microstructure of the manufacture part can be characterized 
using Scanning Electron Microscopy (SEM), Energy 
Dispersive Spectrometers (EDS), respectively for validation 
and prediction from plasma signal. 
Thus, plasma characteristics changes caused by the 
microstructure can be used to predict the phase change. 
Therefore, a spectroscopic sensor that monitors the phase 
changes during process can be developed based on the 
observation described in this section. 
5.  Closed Loop Control of Additive Manufacturing using 
SOMS 
In order to avoid defects and provide high Quality parts by 
additive manufacturing, we will incorporate the out put signal 
from the SOMS and use it for process control for AM. Fig 9 
illustrates the methodology. 
Fig.9: Flow chart for SOMS based closed loop control for Additive 
Manufacturing 
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As shown in the above flow chart, one can visualize that 
signal from Smart Optical System (SOMS) can be used to 
design a smart additive manufacturing system (S-AMS) which 
will detect defects at every stem of fabrication and take 
necessary corrective actions to ensure production of high 
quality certified part.  
6. Conclusion  
 The recent advances in in situ optical diagnostics 
control offer the capability to monitor or control geometry, 
temperature, composition and Microstructure from the 
collected light at the laser material interaction zone. Never in 
the history of any manufacturing was in-situ monitoring of 
phase transformation possible. All these monitoring sensors 
will enable one to produce products with desired properties 
directly from the solid CAD data. By integration of 
homogenization method, DMD with closed loop control can 
also produce meta-materials such as metallic structure with 
negative co-efficient of thermal expansion [4]. POM recently 
built a DMD machine capable of remote manufacturing using 
[20]. Conceptually one can seat in Manchester (U.K.) and 
manufacture in Rochester (USA). Such systems will be a 
natural choice for a Global “Economic Space”. For research 
community, it will open frontiers for creating designed alloys 
with desired microstructure for a needed performance 
Characteristics. 
 
Acknowledgements 
The Author Like to acknowledge financial support for the 
project from U.S. Office of Naval Research. Grant No. 
N00014-11-1-0646. Dr.Khershed Cooper was the Program 
Manager. 
 
References: 
[1] A Third Industrial Revolution, Economist. April 21st, 2012 
[2] Koch, J and Mazumder J, U.S.Patent #6,122,564, Apparatus and methods 
for monitoring and controlling muli-layer Laser Cladding, September 19, 
2000 
[3] Mazumder, J., Schifferer, A., Choi, J “Direct Materials Deposition: 
Designed Macro and Microstructure”. Materials Research Innovations, 
Vol.#(3), 118-131, 1999 
[4] Mazumder, J., et al., Closed loop direct metal deposition: art to part. 
Optics and Lasers in Engineering, 2000. 34(4-6): p. 397-414. 
[5] Mazumder, J., et al., The direct metal deposition of H13 tool steel for 3-
D components. Jom-Journal of the Minerals Metals & Materials Society, 
1997. 49(5): p. 55-60. 
[6] He, X. and J. Mazumder, Transport phenomena during direct metal 
deposition. Journal of Applied Physics, 2007. 101(5). 
[7] He, X.L., et al., Solute transport and composition profile during direct 
metal deposition with coaxial powder injection. Applied Surface Science, 
2011. 258(2): p. 898-907. 
[8] Zhang, Y.J., et al., Numerical and experimental investigation of 
multilayer SS410 thin wall built by laser direct metal deposition. Journal 
of Materials Processing Technology, 2012. 212(1): p. 106-112. 
[9] Zhang, Y.J., G. Yu, and X.L. He, Numerical study of thermal history in 
laser aided direct metal deposition process. Science China-Physics 
Mechanics & Astronomy, 2012. 55(8): p. 1431-1438. 
[10] He, X.C., Finite Element Analysis of Laser Welding: A State of Art 
Review. Materials and Manufacturing Processes, 2012. 27(12): p. 1354-
1365. 
[11] Doubenskaia, M., et al., Definition of brightness temperature and 
restoration of true temperature in laser cladding using infrared camera. 
Surface & Coatings Technology, 2013. 220: p. 244-247. 
[12] Song, L.J. and J. Mazumder, Feedback Control of Melt Pool Temperature 
During Laser Cladding Process. Ieee Transactions on Control Systems 
Technology, 2011. 19(6): p. 1349-1356. 
[13] Hofman, J.T., et al., A camera based feedback control strategy for the 
laser cladding process. Journal of Materials Processing Technology, 
2012. 212(11): p. 2455-2462. 
[14] Rodriguez-Araujo, J., et al., Industrial Laser Cladding Systems FPGA-
Based Adaptive Control. Ieee Industrial Electronics Magazine, 2012. 
6(4): p. 35-46. 
[15] U.S. Patent #6,479,168,  “Alloy Based Laser Welding, ” Inventors: J. 
Mazumder, A. Dasgupta, M. Bembenek. November 12, 2002. 
[16] U.S. Patent #7,820,939 - "Zero-Gap Laser Welding."  Inventor:  J. 
Mazumder, A. Dasgupta, and October 26, 2010. 
[17] U.S Patent # 8,164,022 entitled “Optical sensor for quality monitoring of 
a welding process”  
[18] USPTO 12/623,249 entitled “Monitoring of welding process” filed on 
November 20, 2009.  
[19] (USPTO-61/354286) In-situ identification and control of microstructure 
produced 
[20] U.S. Patent #6,580,959 “System and method for remote direct material 
deposition process” Inventor: J. Mazumder, June 17, 2003 
 
